Abstract Anaerobic digestion of two types of waste sludge was applied in order to assess the suitability of thermophilic conditions for the stabilization of organic matter and removal of fecal coliforms and helminth eggs. Feeding sludge was taken from an activated sludge municipal facility (BS) and from an enhanced primary treatment municipal plant (EPT). As an accompanying experiment, mesophilic digesters were also operated. The four digesters (M1, M2, T1, T2) had a 5 litre volume and an egg shape. A highly stabilized material was obtained at both temperatures with BS type of sludge, taking the reduction of volatile fraction of suspended solids (%R VSS ) as indicator (84% for M1 and 74% for T1). In general, EPT sludge was a more difficult substrate, if compared with BS sludge; thermophilic condition was better adapted than mesophilic for this kind of sludge. Satisfactory reductions on counts of fecal coliforms and helminth eggs were achieved under thermophilic digestion for both types of feeding sludge. T1 digester, fed with biological sludge, removed fecal coliforms below 1000 MPN/gTS and helminth eggs down to 0.28 HE Larval /gTS, at an HRT of 20 days. As a general conclusion, anaerobic thermophilic digestion may be an appropriate option for sludge stabilization, in order to meet EPA Class A biosolids final disposal regulations. However, further research is needed in order to consistently remove helminth eggs and fecal coliforms from waste sludge at shorter hydraulic retention times.
Introduction
In most third world countries, municipal and industrial wastewaters are discharged without any treatment process. As a result, significant environmental impact has been caused, as well as deterioration of vital water sources for human, agricultural and industrial activities. In many cases, the few existing wastewater treatment plants (WWTP) produce waste sludge that is not properly treated and disposed. This practice drastically reduces the global removal efficiency of the treatment facilities, creating an important threat to public health. Raw waste sludge is composed of organic materials with a highly putrescent nature, as well as pathogens and parasites such as helminth eggs. Intestinal helminthiasis is an important public health problem in developing countries (in Mexico, 43 to 94% of the rural population is infected with Ascaris lumbricoides; Tay et al., 1991) . Several kinds of efforts should be accomplished in order to significantly diminish this and other related health problems. For example, to break down the infectious cyclic pattern that characterizes human enteric diseases. A priority is the removal of pathogens and parasites not only from water, but also from the sludge produced during its treatment.
The objective of this study was to assess the use of anaerobic thermophilic digestion as an option for sludge stabilization in order to remove pathogens and parasites, as well as to reduce the organic fraction and the potential for vector attraction. As a result, such stabilized sludge can be used as soil amendment in accordance with the World Health Organization, the U.S. Environmental Protection Agency (EPA 40 CFR Part 503; EPA, 1992) and the Mexican Standard for biosolids (NOM-004-ECOL, under final revision).
Material and methods
Four identical egg shaped anaerobic digesters (5 litre volume, with mixing) were operated at mesophilic (35°C; digesters M1 and M2) and at thermophilic (55°C) conditions (digesters T1 and T2). Feeding was carried out on a daily basis. Digesters M1 and T1 treated waste sludge from an activated sludge municipal treatment plant (Cerro de la Estrella, Mexico City). Digesters M2 and T2 were fed with sludge obtained from a municipal WWTP based on an enhanced primary treatment process (EPT) using aluminium sulphate as coagulant (San Pedro Atocpan, Mexico City). During the first experimental phase, hydraulic retention time (HRT) was 15 and 20 days, on the mesophilic and thermophilic reactors fed with biological sludge (M1, T1), respectively; for the second phase, the HRT was 14 days for both digesters. The digesters fed with EPT sludge (M2 and T2) had an HRT of 35 and 20 days, respectively, during the first phase; for the second phase, HRT was 28 and 49 days, respectively.
Suspended Solids (total, volatile and fixed), pH and alkalinity were determined according to Standard Methods (APHA, AWWA, WPCF, 1989) . Alkalinity ratio was determined with partial alkalinity (pH end point 5.75) and total alkalinity (pH end point 4.3). Methane content in biogas was measured by gas chromatography using a thermal conductivity detector.
Enumeration of helminth eggs and fecal coliforms were determined as follows: for each phase of the study, samples were collected every three days, during a three-week sampling period. Purge (effluent) sludge samples were taken before the feeding of each digester. The technique for helminth egg concentration, quantification and viability determination was the method included in the Mexican Standard NOM-001- ECOL-1996 (Diario Oficial, 1997 . To evaluate the results, two statistical analyses were used: Fisher and t of Student. Fecal coliforms were sampled as described above, but in this case the samples were taken daily during the three-week period. The most probable number (MPN) technique was used, as described in the section 9221-C of the Standard Methods (APHA, AWWA, WPCF, 1989).
Results and discussion

Removal efficiency of organic materials
During the first experimental phase, volatile solids reduction in the biological sludge (BS) was efficient under both temperature conditions: T1 digester reduced 74% its volatile fraction (%R VSS ) and M1 achieved an 84% reduction ( Table 1) . As a result, the biological digested sludge had a low volatile fraction, indicating a well stabilized sludge for both temperature conditions (32% for M1 and 42% for T1). Furthermore, the alkalinity ratio, an indicator of a good balance of the process, had an optimum value in M1 (0.71) and a lower, but satisfactory one, in T1 (0.49). In the same direction, Krugel et al. (1998) obtained a volatile fraction reduction of 60% under thermophilic conditions at 21 days of HRT.
In the case of EPT sludge, the results obtained in this phase of the study were less satisfactory for M2 (lowest reduction of volatile fraction and lowest alkalinity ratio as a result of process stress). On the other hand, T2, in spite of the high organic load applied, achieved a better performance (58% R VSS and 0.38 alkalinity ratio).
In the second experimental phase, a reduction on HRT was applied for digesters M2 and T1 (Table 2) . Digester T2 presented stress signals when organic load increase was attempted, so this parameter was lowered, with the resultant increase in HRT and a better behaviour. An increase in CH 4 production was obtained in T1 digester, while M2 lowered its previous value, due to a less concentrated feeding sludge, resulting in a lower organic load in spite of the shorter HRT. The alkalinity ratio showed improvements for T1 and T2.
The better response of T1 to a higher organic load may be due to a well adapted thermophilic sludge, which could not have been the case during the first phase of the study. The slow adaptation of mesophilic sludge has been reported in several works on thermophilic digestion (Krugel et al., 1998; van Lier, 1996; Aitken and Mullennix, 1992; Cecchi et al., 1992) .
In general, EPT sludge was a more difficult substrate for anaerobic digestion, if compared with biological sludge. However, thermophilic conditions were more favourable than mesophilic ones for EPT digestion, M2 being in all cases the digester that showed less satisfactory results. The characteristics of raw EPT sludge (acidic pH and aluminium precipitants) were apparently less suited for anaerobic digestion. The presence of aluminium compounds could be the reason of this finding, considering that a properly balanced digestion process may neutralize acidic pH. However, toxicity of aluminium salts has not been reported for anaerobic digestion. Another possible explanation is that since this metal ion forms precipitants that coagulate suspended and colloidal organic matter, the anaerobic bacteria may encounter higher mass transfer problems, thus reducing the overall efficiency of the digestion process. Gossett et al. (1978) observed a decrease in biogas production and the reduction of the volatile fraction under similar conditions.
Removal efficiency of helminth eggs
The Mexican Standard method for the enumeration of helminth eggs and viability determination (in NOM-001-ECOL-1996), although intended for raw and treated wastewater, is similar to the EPA (1992) technique used for the enumeration of parasitic helminths in raw and treated sludge. Table 3 shows the mean results of the enumeration after an incubation period of larval (viable) and non-larval helminth eggs, from the feeding sludge and the purges of each digester during the first phase of the study. The species found in both sludges were Ascaris lumbricoides, Trichiuris trichiura, Toxocara canis and Hymenolepis nana, the first being predominant.
The results indicate a significant difference (probability of 0.01) in the number of HE Total /gTS between the mesophilic and the thermophilic digesters, which corresponds to an effective removal in the latter: 69% for T1 and 36% for T2. The result obtained for M2 (increase of total HE counts in purged sludge) cannot be explained at this moment. In terms of viability, both mesophilic digesters reduce HE counts to 3 HE Larval /gTS, while thermophilic digesters achieve less than 0.5 HE Larval /gTS. The percentage of viability removal is 97 and 99 in T1 and T2, respectively. The thermophilic counts are very close to the limit of 0.25 HE/gTS considered by EPA for a Class A biosolid (EPA, 1996) . Apparently, the removal effect in the thermophilic digesters is due to the 55°C operation temperature. Hays (1976) found that the efficiency in the destruction of helminth eggs depends on time and temperature, and that a pasteurization temperature is enough to effectively destroy infectious egg worms. The author found that a 30 min. exposure at 60°C was enough to inactivate Ascaris eggs.
Removal efficiency of fecal coliforms
Figures 1 and 2 show the removal of coliforms under mesophilic and thermophilic conditions with biologic sludge during the first experimental stage. Similar results were obtained with the EPT sludge (M2 and T2 digesters).
As may be observed, a significant reduction of fecal coliform counts was achieved under thermophilic conditions (Figure 2) . Similar results were obtained during the second experimental phase (Figures 3 and 4) , although in this case T1 digester could not consistently reach the limit for EPA Class A biosolids (1000 MPN/gTS). Watanabe et al. (1997) observed a decrease of fecal coliforms from 10 2 -10 4 MPN/g in feeding sludge to 10 0 N. Cabirol et al. MPN/g for thermophilic anaerobic digestion. Also, limited reduction in the contents of pathogenic bacteria during anaerobic mesophilic digestion has been previously reported (Carrington et al., 1982; Olsen and Larsen, 1987; Kearney et al., 1993; Kunte et al., 2000) . The difference in fecal coliform reduction achieved by T1 digester in both experimental phases may be due to the lower HRT applied (20 versus 14 days) and to an inefficient mixing, that may result in an actual HRT value below the theoretical one. In a non-ideal mixing flow pattern, a reactor will present dead zones and hydraulic short-circuits, which will result in a lower active reactor volume. Since influent fecal coliforms counts are very high (10 4 to 10 6 ) a significant number of these bacteria may pass through the reactor with just a limited time exposure to the digester conditions. According to this, Krugel et al. (1998) proposed an arrangement of serial digesters (one main body followed by three smaller reactors) to assure the permanence of pathogens close to the theoretical HRT (21 days) in order to accomplish the EPA Class A limits.
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Conclusions
Anaerobic thermophilic digestion was efficient for the stabilization of waste sludge from biological and enhanced primary treatment processes. The described experiment reached satisfactory reduction on volatile fraction of suspended solids and on counts of fecal coliforms and viable helminth eggs.
The thermophilic digested sludge was very close to the EPA criteria for a Class A biosolids, with only a slight deviation on helminth eggs counts (0.28 versus 0.25 HE Larval /gTS).
Anaerobic thermophilic digestion should be considered as an appropriate option for sludge stabilization and unrestricted land disposal (after EPA Class A biosolids final disposal regulations). However, further research is needed in order to consistently remove helminth eggs and fecal coliforms from biological and enhanced primary treatment sludges at shorter hydraulic retention times as possible. 
